Forty-three percent (12/28) of ciprofloxacin (CIP)-nonsusceptible respiratory isolates of Haemophilus influenzae were hypermutable, compared with 8.5% (3/35) in the CIP-susceptible control group (P ‫؍‬ 0.002). CIP-nonsusceptible mutants were obtained with hypermutable strains only; these mutants developed three resistance mechanisms in a step-by-step process: target modifications, loss of a porin protein, and increased efflux.
Fluoroquinolone-resistant Haemophilus influenzae isolates have been described in several countries (4, 5, 8, 17, 19) . In general, hypermutable isolates contribute to the emergence of antibiotic resistance (3, 9) . Fluoroquinolone resistance in Staphylococcus aureus is related to hypermutability (23) . We and other authors have reported a high prevalence of hypermutable H. influenzae isolates causing respiratory infections (22, 24) . We also noticed a high rate of fluoroquinolone resistance in these isolates (22) and reported a therapeutic failure in a community-acquired pneumonia case due to levofloxacinresistant H. influenzae (2) .
The main mechanism of fluoroquinolone resistance in H. influenzae is amino acid changes in the quinolone resistance-determining region (QRDR) of the topoisomerase II and I genes (5, 8, 9 ). Although not reported in H. influenzae, mutations resulting in overexpression of efflux pumps and permeability defects can also affect quinolone susceptibility (12) .
In this study, we investigated the hypothesis that ciprofloxacin (CIP) resistance in H. influenzae occurs mainly in hypermutable clinical isolates. To test this hypothesis, first we made an observational study, and after that, we subjected CIP-susceptible hypermutable isolates to selective pressure with CIP. We also characterized other mechanisms of resistance in highly fluoroquinolone-resistant isogenic mutants as overexpression of efflux pumps and permeability defects.
The CIP reduced-susceptibility study group included 28 clinical isolates (3 from the United States [1] and 25 from Spain) chosen because they had amino acid changes in GyrA of the QRDR (21) and corresponding MICs for CIP of 0.12 to 32 g/ml. The CIP-susceptible control group contained 35 clinical strains without amino acid changes and corresponding MICs for CIP of Ͻ0.12 g/ml. All strains were noncapsulated and were isolated from respiratory specimens of adult patients with chronic respiratory infections (19, 21) .
The study of mutation frequencies in response to rifampin was done in triplicate as described previously (22) . Isolates were considered hypermutable if their mutation frequency was 10 Ϫ7 CFU/ml or higher (22) . Forty-three percent of the strains (12/28) in the study group were hypermutable, compared to 8.5% (3/35) in the control group (odds ratio, 8; P, 0.0024). The average mutation frequencies in the two groups (4 ϫ 10 Ϫ6 CFU/ml for the study group and 7 ϫ 10 Ϫ8 CFU/ml for the control group) differed significantly (P, 0.017; Mann-Whitney U test). The mutation frequency distributions are shown in Fig.  1 . A positive correlation was found between mutation frequency and the MIC for CIP (Pearson coefficient ϭ 0.34; P ϭ 0.006).
We further subjected 12 susceptible clinical isolates of H. influenzae to in vitro selective pressure with CIP in a step-bystep procedure in Haemophilus test medium plates containing 0.1, 0.2, 0.5, 1, 2, and 10 g/ml CIP. Six isolates were nonhypermutable, and the other six were hypermutable; all had MICs for CIP of Ͻ0.12 g/ml and were without amino acid substitutions in GyrA or ParC. Three of the hypermutable fluoroquinolone-susceptible strains came from a previous study (22) .
We obtained isogenic in vitro nonsusceptible mutants from only four hypermutable isolates (Table 1) . Using overlapping primer sets (Table 2) , we sequenced the mutS and mutL genes of these four hypermutable clinical isolates (named A to D), and representative CIP-nonsusceptible isogenic mutants identified as A1 to A4 (derived from strain A), B1 and B2 (from strain B), C1 to C3 (from strain C) and D1 to D4 (from strain D) ( Table 1) . As a control, we used a nonhypermutable and fluoroquinolone-susceptible clinical isolate. All sequences were compared with that of H. influenzae Rd KW20 (7) . No amplifications were obtained with primers for the first mutS DNA fragment, possibly due to a deletion in the gene. No changes were identified in the mutS sequence, but all strains presented one common mutation (Asn589Asp) in mutL that did not appear in the nonhypermutable control strain.
The DNA sequences of gyrA, gyrB, parC, and parE in the QRDR were determined in strains A, B, C, and D and in all isogenic CIP-resistant mutants, as described previously (21) . CIP-nonsusceptible mutants also presented decreased suscep-tibility to other quinolones (Table 1) . No mutations of GyrA or ParC in the QRDR were detected in wild isolate A, B, C, or D, but they were present in all mutants analyzed. All of these changes are involved in fluoroquinolone resistance (20, 25) . No changes in GyrB and ParE of the QRDR were observed.
There was incomplete agreement between the level of resistance to fluoroquinolones and the number of amino acid changes identified. For instance, the four mutants derived from strain A had the same amino acid substitution pattern in GyrA and ParC although their MICs varied from 0.25 to 4 g/ml ( Table  1 ), suggesting that additional resistance mechanisms such as permeability and/or active efflux may be present. FIG. 1 . Distribution of H. influenzae strains according to their mutation frequency in response to rifampin and according to the presence of amino acid changes in the quinolone resistance-determining region of GyrA. The control group comprises strains with no amino acid changes in the quinolone resistance-determining region of GyrA and MICs for CIP of Ͻ0.12 g/ml. The study group comprises strains with amino acid changes in the quinolone resistance-determining region of GyrA and MICs for CIP of 0.12 g/ml to 32 g/ml. Horizontal bars represent the average mutation frequency of the study group (4 ϫ 10 Ϫ6 CFU/ml) and the control group (7 ϫ 10 Ϫ8 CFU/ml) (P ϭ 0.017; Mann-Whitney U test). a "Susceptible strains" have a MIC for CIP of Ͻ0.12 g/ml and no amino acid changes in GyrA of the QRDR; "nonsusceptible strains" have a MIC range for CIP of 0.12 to 0.5 g/ml and one mutation in GyrA of the QRDR; "resistant strains" have a MIC for CIP of Ͼ0.5 g/ml and amino acid changes in GyrA and ParC of the QRDR (21) . Ϫ, no amino acid changes detected in comparison with H. influenzae Rd DW20 (7); SC, corresponding stop codon.
b Wild strain before exposure to antibiotic pressure. 
a Primers were specifically designed for this study and were based on the GenBank sequence for H. influenzae Rd DW20 (accession numbers for mutS genes: HI0706, HI0707, and HI0708; accession numbers for mutL genes: HI0066, HI0067, and HI0068).
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Profiles of outer membrane proteins were obtained as described previously (22) for wild strains A and D and their isogenic mutants. We observed the disappearance of the major ϳ40-kDa P2 porin band (Fig. 2, lanes 4, 5, and 9) , which has been shown to present a homology of 25% in the primary amino acid sequence with the OmpF porin of Escherichia coli (11) , which is involved in CIP resistance (6) .
A potential active efflux mechanism of resistance was determined in triplicate by spectrophotometrically measuring the accumulation of CIP and norfloxacin in strains A and A4, C and C3, and D and D4. Bacterial cells were incubated with and without cyanide 3-chlorophenyl (CCCP; 0.1 mM) and PheArg-␤-naphthylamide (MC-207,110 compound; 0.1 mM) as efflux pump inhibitors (14, 15) . By definition, a strain expressed energy-dependent accumulation when the pump inhibitor enhanced the basal level of accumulation by at least 50% (16) .
We detected a significant increase in the accumulation of fluoroquinolones for the MC-207,110 compound, which was more evident for norfloxacin than for CIP. Norfloxacin accumulation increased by 2,126% (21 times) in the mutant strain C3 compared with strain C, and 140% (1.4 times) in the isogenic mutant A4 with respect to strain A. In the D/D4 strains, the increase exceeded 50% for D4 but an increase was also seen for the wild strain D (Fig. 3) .
Since an efflux mechanism appeared to be involved, we sequenced the acrR gene, which codes for a repressor of the AcrAB-ToldC homolog efflux pump in H. influenzae, in the four wild strains and in the CIP-nonsusceptible isogenic strains (13) . However, the mutants and wild strains had identical acrR sequences (Table 1) .
In this study, we have shown that hypermutability is a risk condition for the development of fluoroquinolone resistance in H. influenzae. Since hypermutable isolates are particularly frequent in chronic respiratory infections (22, 24) , precautions are advised when treating these patients with fluoroquinolones. This study confirms that target modification is the first and most important mechanism of fluoroquinolone resistance in H. influenzae; however, two new associated mechanisms, increased efflux and porin loss, also appear to be important in explaining increased levels of resistance to fluoroquinolones in this pathogen. 
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